Introduction
When colonizing a moist nutrient-rich surface, such as agar, many flagellated bacteria elongate, secrete wetting agents, and swim across the surface in multicellular groups within a thin layer of fluid, a process known as swarming (1) (2) (3) .
Swarming provides a remarkable example of bacterial adaptation to diverse environments. It also provides a unique biophysical system for the study of active fluids (4) and self-propelled particles (5) . Much has been learned about the genetics and biochemistry of bacterial swarming as well as its relevance to biofilm formation and pathogenic infections (1) (2) (3) . More recent advances have been made at the single-cell level (6) (7) (8) (9) . However, relatively little is known about the thin layer of fluid that supports flagellar motility and allows swarm cells to maintain a distinct physiological state (10) (11) . Understanding the properties of swarm fluid is fundamental to a full understanding of bacterial swarming.
Our focus here is on the motion of swarm fluid, and a key question is how this fluid spreads. Some bacteria synthesize bio-surfactants (1) .
Marangoni flows driven by surface-tension gradients can account for the flagellar-independent colony expansion of some species, such as Bacillus subtilis that produces surfactin (12) (13) (14) . However, this cannot be the general mechanism driving swarm fluid spreading, because most swarming is flagella-dependent and does not always require production of surfactants (1) . Our organism of choice is the model bacterium Escherichia coli, which was shown to swarm on Eiken agar by Harshey & Matsuyama (15) . Although surfactants play important roles in its behavior (16) , E. coli is not known to secrete surfactants. Recently we developed a method for making micron-sized air bubbles that can serve as tracers of flow in thin fluid films, such as those found in E. coli swarms (17) . Using this technique, we found that the action of rotating flagella of cells transiently stuck to the substratum near the outer edge of a swarm generates a river running along the swarm edge. This river flows rapidly clockwise (when the swarm is viewed from above) and moves outwards as the swarm expands (17) . So one mechanism driving swarm-fluid expansion involves the action of flagella that pump fluid outwards. But this mechanism does not explain how spreading is sustained: pumping by flagellar action would reduce the thickness of the fluid film near the swarm edge and eventually abolish flagellar motion. Fluid must move out of the underlying agar into the body of the swarm. Here we extended the application of the microbubble technique to map flow patterns at large spatial scales within E. coli swarms. We found that only the fluid in the outer ~300-µm wide rim of the swarm has net movement. Within this rim, the fluid drifts along the direction of swarm expansion, either inwards or outwards, depending upon the distance from the swarm edge. Fluid tends to flow towards a region ~100 μm from the swarm edge, a region that exhibits maximum metabolic activities and maximum cell density. Gradients in metabolic activities and cell density correlate with mean speeds of fluid drift, suggesting that this drift is caused by cell growth.
A fluid balance model that takes into account the measured drifts predicts that most of the new swarm fluid comes out of the agar in a region ~70-µm wide near the edge of the swarm. As a result, an E. coli swarm maintains a water reservoir of greater fluid depth centered ~100 µm from the swarm edge. This reservoir fuels spreading and sustains colony expansion.
Results

Fluid flows in the interior of E. coli swarms exhibit complex drift
Microbubbles were formed following the explosive transformation of micron-sized droplets of the water-insoluble surfactant Span 83 that were placed on the agar surface a few cm in front of an advancing swarm (17); see Methods. Some of the bubbles remained stable for hours and were taken up by the advancing swarm. Many of these traveled within the river at the swarm edge; see, for example, the bubble indicated by the black arrow in Fig. 1A . Occasionally, bubbles moved into the swarm; see, for example, the bubble indicated by the white arrow in Fig. 1A . The motion of bubbles with a diameter of 2.1±0.4 µm (mean ± s.d., n = 51) were tracked (Methods and Movie S1), allowing us to map the flow patterns in the interior of the swarm. These bubbles moved freely within the swarm, without sticking to cells or to fluid boundaries.
At the leading edge of an E. coli swarm there is a monolayer of cells spanning a Microbubbles displayed mostly random movement in the interior of the swarm (Movie S1), but when an ensemble of bubble trajectories was averaged, we found net radial displacements, i.e., drifts. The direction of drift was either inwards, i.e.
toward the center of the swarm, or outwards, i.e., toward the edge of the swarm, depending upon the distance from that edge. As soon as bubbles entered the cell monolayer at the edge of the swarm, they drifted inwards for ~5 s and then outwards for ~10 s until overtaken by the cells in the multilayered region. Fig among the three types of latex spheres, the 0.9 µm dia. hydroxylate spheres appeared to have the greatest mobility.
Taken together, the drift patterns of bubble motion described in Fig. 2 reveal that only the outer ~300-µm wide rim of the swarm fluid film spreads. The fluid in the outermost edge of this rim (i.e. in the swarm-cell monolayer) flows outwards, directly supporting swarm expansion. Remarkably, the swarm fluid further inside this rim flows (in the reference frame of the laboratory) towards a region ~100 µm from the swarm edge, suggesting that the swarm fluid film in the multilayered region has a greater depth above the agar. To support these flows, swarm fluid must be constantly supplied from the underlying agar.
Swarm fluid in the multilayered region is highly agitated
Individual microbubbles within swarms diffused with drift, and the diffusivity varied with the distance from the swarm edge. For the bubble trajectories reported in each panel of Fig. 2 , we calculated the mean-squared displacement corrected for 
The cause of fluid drift
The flows within the multilayer region appear to be driven by cellular metabolic activities (Figs. 5, S1 ), not by cell motility (Fig. 4) . Metabolic activities can affect water activity in at least two ways. One way is by the increase of cell number [ ]
Here r is the growth rate of cells (chosen as 1/1200 s 
Proposed model of swarm expansion
To summarize, we suggest a model for E. coli swarm expansion shown in Fig. 6B .
As cellular metabolic activities in the multilayered region draw water from the surroundings, a water reservoir is maintained near the swarm edge (the solid black profile in Fig. 6B ). In the reference frame of the laboratory, the fluid in the inner half of the water reservoir (in between the inner edge of the water reservoir promoter, developed for studies of cell growth (21) (22) . Single-colony isolates were grown overnight in LB medium (1% Bacto tryptone, 0.5% yeast extract, and 0.5% NaCl, pH 7.5) at 30ºC to stationary phase. For E. coli HCB1668, kanamycin (50 μg/ml), chloramphenicol (34 μg/ml), and arabinose (0.5%) were added to the growth medium. For E. coli MG1655-ASV, ampicillin (50 μg/ml) and chloramphenicol (34 μg/ml) were added to the growth medium. These cultures were diluted 10 -5
to provide cells for inoculation of swarm plates.
Swarm plates. Swarm agar was 0.6% (HCB1668) or 0.5% (MG1655-ASV)
Eiken agar in 1% Bacto peptone, 0.3% beef extract, and 0.5% NaCl. At these agar concentrations, HCB1668 and MG1655-ASV swarmed at similar rates and exhibited similar morphologies near the swarm edge. The agar was autoclaved and stored at room temperature. Before use, it was melted in a microwave oven, cooled to ~60ºC, and pipetted in 25 mL aliquots into 150 x 15 mm polystyrene petri plates (8) . Antibiotics (for E. coli HCB1668 and MG1655-ASV) and arabinose (for E. coli HCB1668) were added to the liquefied swarm agar before pipetting at the concentrations used in liquid cultures. For surface cell density measurements with E. coli HCB1668 or MG1655-ASV, the dye FM 4-64 (Invitrogen-Molecular Probes) was dissolved in de-ionized water and added to the liquefied swarm agar before pipetting at a final concentration of 1 μg/ml. The agar plates were swirled gently to ensure complete wetting, and then cooled for 30 min without a lid inside a large Plexiglas box. Drops of diluted cell culture (2 μL, described above) were inoculated at a distance of 2-3 cm from the edges of the plates, and the plates were dried for another 30 min without a lid, covered, and incubated overnight at 30ºC and ~100% relative humidity, until the swarms grew to a diameter of ~5 cm.
Microbubble fabrication. Suspensions of the surfactant Span 83 (Sorbitan sesquioleate, S3386, Sigma-Aldrich) were prepared in water at a wt/wt ratio of 0.03-0.04%, following the procedures described previously (17) . When viewed with a phase-contrast microscope, the suspension appeared full of refractile droplets with diameters ranging from a fraction of a μm to a few μm. A 0.5 μL drop of this suspension was placed 3-4 cm in front of the E. coli HCB1668 swarms.
As water in the drop was absorbed by the agar, Span 83 droplets transformed into arrays of micron-sized bubbles (17) . Some of these bubbles were stable enough to be engulfed by the advancing swarms.
Phase contrast and epifluorescence imaging. The motion of microbubbles in the interior of swarms was observed in phase contrast with a 10x objective and a 1x relay lens mounted on a Nikon Optiphot2 upright microscope maintained at 30°C. Recordings were made with a CCTV camera at 30 frames/s (model KPC-650BH, KT&C, Korea) and a digital tape recorder (model GV-D1000, Sony).
The video sequences were transferred to a PC as "avi" files and uncompressed using the free software VirtualDub (http://www.virtualdub.org/) for further analysis. 
